The EU Animal By-Products Regulations generated the need for novel methods of 2 storage and disposal of dead livestock. Bioreduction prior to rendering or incineration has 3 been proposed as a practical and potentially cost-effective method; however, its 4 biosecurity characteristics need to be elucidated. To address this, Salmonella enterica 5 (serovars Senftenberg and Poona), Enterococcus faecalis, Campylobacter jejuni, 6
Introduction 1
In order to reduce the risk of further outbreaks of animal diseases such as bovine 2 spongiform encephalopathy and foot and mouth disease, the European Union introduced 3 the Animal By-Products Regulations (EC/1774/2002) in 2003 (Anon, 2009 ). These 4 regulations sought to improve biosecurity across all aspects of the livestock sector, from 5 production to waste disposal. Since their implementation, the options available to most 6 farmers to dispose of fallen (dead) livestock have been effectively limited to either 7 rendering or incineration, whereas previously most fallen stock was buried. The 8 regulations have led to animosity within the agricultural industry due to the considerable 9 costs and biosecurity concerns associated with centralised collection and rendering or 10 incineration of fallen stock (Bansback, 2006; Gwyther et al., 2011) . Indeed, there is call 11 for both a change in legislation and the development of alternative methods of disposal 12 (Bansback, 2006) . 
Microbiological preparation and inoculation 7
All bacterial strains were grown from frozen stock, with each (except 8
Campylobacter) grown overnight in tryptone soya broth (TSB; CM0129) then 9 subsequently combined with other strains of the same organism and incubated overnight 10 in fresh TSB in an orbital shaker (150 rev min -1 ) at 37 °C. C. coli and C. jejuni were 11 grown overnight in Bolton Broth (CM0983) containing lysed horse blood (SR0048) and a 12 supplement containing cefoperazone, vancomycin, trimethoprim and cycloheximide 13 (SR0183) in a microaerobic environment at 41.5 °C and subsequently combined and 14 again incubated overnight. The microaerobic environments were obtained using 15 anaerobic jars and CampyGen sachets (CN0025 2007). For the enrichment of E. coli O157, 20 ml of mTSB (CM0989 containing 9 supplement SR0190) was added to 5 ml of liquor and shaken in an orbital shaker for 6 10 hours (37 °C, 150 rev min -1 ) after which time 0.1 ml of the enriched culture was streaked 11 onto duplicate plates of CT-SMAC. Plates were incubated and presumptive colonies 12 confirmed as described previously. 13 14
Activity of E. coli O157 15
At each sampling time-point, a 1 ml aliquot from each MB was placed into a plastic 16 luminometer cuvette and its luminescence [relative light units (RLU)] determined using a 17 SystemSURE 18172 luminometer (Hygiena Int., Watford, UK). 18 19
Bioaerosol analysis 20
Bioaerosol samples were taken on days 0, 24, 57, and 85. Samples were obtained 21 from gases before they passed through the commercial disinfectant using selective agar 22 plates in an Andersen Air Sampler 2000 (Andersen Instruments Inc; Atlanta, Georgia, 1 USA). The pump was connected to the mini bioreducer by silicone tubing and activated 2 for 30 min at a flow rate of 10 l min -1 . Plates were arranged randomly with each sampling 3 date but were consistent between replicates on the same sampling date. E. faecalis were 4 captured using Slanetz and Bartley Medium, Salmonella using Brilliant Green Agar 5 (BGA, CM0263), Campylobacter using mCCDA, E. coli O157 using CT-SMAC, and 6 TVC using PCA. All plates were incubated as described previously whilst the BGA was 7 incubated at 37 °C for 24 h. 8 9
Data Analysis 10
Samples where micro-organisms were detected only via enrichment were allocated 11 an arbitrary value of half the detection limit. To avoid analysing data with zero values 12 (i.e. those not detected by enrichment), all data were log10 (y +1) transformed. Data were 13 analysed using SPSS v15.0 (SPSS Inc., Chicago, USA). Normality of the microbiological 14 data was tested using the Kolmogorov-Smirnov test and means analysed using either 15 related samples t-test if normal or Wilcoxon signed rank test if non-normal. 16 17
Results 18

Waste degradation 19
At the end of the trial, the reduction in volume of carcass components in each 20 vessel was similar (88.2 ± 3.7% of that initially added). The discernable animal remains 21 were predominantly identified as stomach content although there were also some fatty 1 deposits and small fragments of bone. 2 3
Microbiological characteristics 4
The controls were found to have natural populations of Salmonella spp., E. faecalis, 5
and Campylobacter spp. but no E. coli O157 were detected. Survival of the introduced 6 Salmonella spp. and E. faecalis in the treatment MBVs followed similar survival patterns 7
to natural populations in the controls (Fig. 2) . Although numbers of both Salmonella spp. 8 and E. faecalis reduced markedly over the three month trial, the dynamics of survival 9 differed between both micro-organisms. Specifically, Salmonella spp. numbers remained 10 relatively stable until day 54, after which they significantly declined (P <0.05) so that 11 they could only be detected by enrichment at the end of the trial period ( Fig. 2A) . 12
Numbers of E. faecalis generally decreased more steadily throughout the trial, although 13 had recovered somewhat in the control MBs towards the latter stages (Fig. 2B ) (P >0.05). 14 A significant (P <0.05) decline in both the numbers and activity of E. coli O157 15 were seen in the inoculated MBVs (Fig. 3A) , culminating in a 5-log reduction by day 84 16
and luminescence values falling to below background levels. Campylobacter spp. 17 numbers declined significantly (P <0.05) within the first three days followed by an 18 increase in numbers in both the control and inoculated MBVs on day 23 and a subsequent 19 decrease (Fig. 3B) . On day 56, Campylobacter spp. numbers in the inoculated vessels had 20 reduced by greater than 5-log values and remained so until the end of the trial. TVC 21 values dropped initially in the inoculated MBVs, but then recovered and stabilised 22 towards latter stages of the trial (Fig. 4) . In the control MBVs, there was a non-significant 23 increase in numbers up to day 23 (P >0.05), followed by a gradual decrease to values 1 very similar to those in the treatment bioreducers. 2 3
Bioaerosols 4
No pathogens were recovered as bioaerosols from the control bioreducers. Low 5 numbers of Salmonella spp. and E. faecalis were detected as bioaerosols in initial stages 6 of the trial from the inoculated MBVs; although no Salmonella were detected after the 7 first sampling date and numbers of E. faecalis decreased considerably with each sampling 8 date until they were undetectable (Table 1) . Although this mimicked the decline in mean 9
concentration of E. faecalis within the liquor, the relationship between bioaerosol and 10 liquor counts was not statistically significant (P >0.05; data not shown). Neither E. coli 11 O157 nor Campylobacter were detected within any bioaerosol samples. TVC values 12 increased towards the middle and latter stages of the trial in both the inoculated and 13 control systems and were statistically similar throughout (P >0.05); although numbers 14 recovered were more variable with time. as even the bone material largely degraded. Although the system was designed to 22 accurately mimic field-scale bioreduction, it should be remembered that the surface area 1 of the contents added to the MBVs was proportionately greater than that of an entire 2 carcass and that the aeration rate was greater; caution is therefore needed when 3 extrapolating the rates of degradation to field-scale. 4 In keeping with previous work on bioreduction ( rather than numbers. EFSA also stipulate that novel disposal methods for animal by-14 products should lead to a 3-log reduction in the numbers of suitable indicator viruses 15 (Bohm, 2008) . Viruses were not analysed in this trial due to logistical issues, but the fate 16
of porcine parvovirus will be tested in future field-scale trials of bioreduction. 17
Campylobacter spp. was predicted to be absent from all samples due to its penchant 18 for microaerophilic conditions. Indeed, temporary technical issues resulted in a brief 19 reduction in aeration rate on day 23 which corresponds with an observed increase in 20
Campylobacter spp. numbers; thereafter numbers reduced considerably and none were 21 recovered at the latter stages of the trial (Fig. 3B) . TVC values were initially lower in 22 inoculated MBVs than the sum of both Salmonella and E. faecalis; though this is likely to 1 reflect the differences in the nature of the agars and plating methods used. of air processed at each sampling point was deemed more than sufficient to detect the 7 presence of bioaerosols. Our findings support others studies (Adkin et al., 2010 ) that 8
propose bioreduction provides negligible risk of hazardous bioaerosol generation. 9
Where possible, more than one strain or serotype of each pathogen was added to the 10 simulated bioreduction systems so as to negate potential inter-strain variation in survival. 11
Whilst natural strains of pathogens may show greater resistance to environmental stresses 12 than experimental cultures, it is unlikely that natural populations of the microaerophilic 13 organisms or facultative anaerobes such as those used in this study would be any better 14 adapted to cope with the process of forced aeration and other stresses encountered within and therefore could be used to elucidate such points in future trials. 20
The rate of carcass degradation is likely to be largely governed by biological 21 activity and the composition of the microbial community. Utilising molecular techniques 22 may elucidate the changes in microbial population and whether such changes affect the 23 rate of degradation. Such information may be valuable in developing novel biological 1 catalyst products to further improve the process. Further work at field-scale is also 2 necessary to validate the energy demand of bioreduction and to identify where gains in 3 efficiencies could be made. 4 5
Conclusions 6
This work indicates that bioreduction is efficient at containing pathogens from 7 carcass material and hence that the system could potentially be suitably secure to store 8 fallen stock prior to ultimate disposal. Further investigation at field-scale level that also 9 includes other relevant organisms (e.g. indicator viruses) is required so that the system 10 can be soundly considered for industry use and incorporation into the revised EU Animal 
